A comparison of 4 × 4 multiple-input multiple-output wireless local area network wireless communication characteristics for six different geometrical shapes is investigated. These six shapes include the straight shape corridor with rectangular cross section, the straight shape corridor with arched cross section, the curved shape corridor with rectangular cross section, the curved shape corridor with arched cross section, the L-shape corridor, and the T-shape corridor. The impulse responses of these corridors are computed by applying shooting and bouncing ray/image (SBR/Image) techniques along with inverse Fourier transform. By using the impulse response of these multipath channels, the mean excess delay, root mean square (RMS) delay spread for these six corridors can be obtained. Numerical results show that the capacity for the rectangular cross section corridors is smaller than those for the arched cross section corridors regardless of the shapes. And the RMS delay spreads for the T-and the L-shape corridors are greater than the other corridors.
Introduction
In recent years, there has been a growing interest in the development of potentially mass-producible wireless systems using millimeter waves, such as wireless local area networks (WLAN) systems [1] . To develop millimeterwave wireless LAN systems, however, we need to know the reflection and transmission characteristics in millimeterwave bands so that we can evaluate indoor multipath propagation characteristics and the interactions of millimeter waves with various objects. Many propagation characteristics have extensively been studied, and several models have focused on specific indoor environments [2, 3] . Lee and Bertoni [4] use a hybrid ray-mode conversion model for the L-bend and T-junction, respectively, for a 900-MHz signal in a 4-m wide tunnel.
Channel capacity of multiple-input multiple-output (MIMO) for wireless communications in a rich multipath environment is larger than that offered by conventional techniques [5] [6] [7] [8] [9] . Channel capacity of WLAN transmission or MIMO transmission has been discussed separately in many literatures. However, there are only few papers dealing with channel capacity of MIMO-WLAN transmission. In [10] , the feasibility of dual-polarized antennas in the MIMO system has been validated for indoor scenarios.
This article addresses basic issues regarding the wireless LAN systems that operate in the 60-GHz band as part of the fourth-generation (4G) system [11] . The 60-GHz band provides 7 GHz of unlicensed spectrum with a potential to develop wireless communication systems with multi Gbps throughput. The IEEE 802.11 standard committee [12] , one of the major organizations in WLAN specifications development, established the IEEE 802.11ad task group to develop an amendment for the 60-GHz WLAN systems.
All wireless systems must be able to operate in a multipath propagation channel, where object in the environment can cause multiple reflections to arrive at the receiver. In general, effective antenna selection and deployment strategies are important for reducing bit error rate in indoor wireless systems [13, 14] . In general, the transmission quality is estimated with strength of power in the narrowband communication system. Besides, a prior knowledge of the characteristics of the channel is necessary for understanding how the signal is affected in the environment. Therefore, many techniques of channel calculation have been developed in recent years. Especially, using ray-tracing method to obtain impulse response is extensively applied [15] [16] [17] . The different values of dielectric constant and conductivity of materials for different frequencies are carefully considered in channel calculation.
The remainder of this article is organized as follows. In Section 2, system description and channel modeling are presented. Several numerical results are included in Section 3. Section 4 gives the conclusion.
System description

Channel modeling
The two steps described in the following two subsections are used to calculate the multipath radio channel.
Frequency responses for sinusoidal waves by SBR/ image techniques
The SBR/image method can deal with high-frequency radio wave propagation in the complex indoor environment [18, 19] . It conceptually assumes that many triangular ray tubes are shot from the transmitting antenna (TX), and each ray tube, bouncing, and penetrating in the environment is traced in the indoor multipath channel. If the receiving antenna (RX) is within a ray tube, the ray tube will have contributions to the received field at the RX, and the corresponding equivalent source (image) can be determined. By summing all contributions of these images, we can obtain the total received field at the RX. In real environment, external noise in the channel propagation has been considered. The depolarization yielded by multiple reflections, refraction, and first-order diffraction are also taken into account in our simulations. Note that the different values of dielectric constant and conductivity of materials for different frequencies are carefully considered in channel modeling.
A ray-tracing technique is a good technique to calculate channel frequency response for wireless communication [20] [21] [22] [23] [24] [25] . As a result, we develop a ray-tracing technique to model channel for our simulations. Using ray-tracing techniques to predict channel characteristic is effective and fast [18, 19, 26] . Thus, a ray-tracing channel model is developed to calculate the channel matrix of WLAN system. Flow chart of the ray-tracing process is shown in Figure 1 . It conceptually assumes that many triangular ray tubes (not rays) are shot from a transmitter. Here, the triangular ray tubes whose vertexes are on a sphere are determined by the following method. First, we construct an icosahedron which is made of 20 identical equilateral triangles. Then, each triangle of the icosahedron is tessellated into a lot of smaller equilateral triangles. Finally, these small triangles are projected on to the sphere and each ray tube whose vertexes are determined by the small equilateral triangle is constructed [27] .
For each ray tube bouncing and penetrating in the environments, we check whether reflection times and penetration times of the ray tube are larger than the numbers of maximum reflection N ref and maximum penetration N pen , respectively. If it is no, we check whether the receiver falls within the reflected ray tube. If it is yes, the contribution of the ray tube to the receiver can be attributed to an equivalent source (i.e., image source). In other words, a specular ray going to receiver exists in this tube and this ray can be thought as launched from an image source. Moreover, the field diffracted from illuminated wedges of the objects in the environment is calculated by a uniform theory of diffraction [28] . Note that only first diffraction is considered in this article, because the contribution of second diffraction is very small in the analysis. As a result, the corresponding equivalent source (image) can be determined. Some details can refer to literature [29] . By using these images and received fields, the channel frequency response can be obtained as follows:
where p is the path index, N p is the total number of paths, f is the frequency of sinusoidal wave, θ p (f ) is the pth phase shift, and α p (f ) is the pth receiving magnitude. Note that the transmitting and receiving antenna are modeled as a WLAN antenna with simple omnidirectional radiation pattern and vertically polarized. The channel frequency response of WLAN can be calculated from Equation (1) in the frequency range of WLAN.
Inverse fast Fourier transform and hermitian processing
The frequency response is transformed to the time domain by using the inverse fast Fourier transform (IFFT) with the Hermitian signal processing [30] . By using the Hermitian processing, the pass-band signal is obtained with zero padding from the lowest frequency down to direct current (DC), taking the conjugate of the signal, and reflecting it to the negative frequencies. The result is then transformed to the time domain using IFFT [31] .
Since the signal spectrum is symmetric around DC. The resulting doubled-side spectrum corresponds to a real signal in the time domain. Using ray-tracing approaches to predict channel characteristic is effective and fast, and the approaches are also usually applied to MIMO channel modeling in recent years [26, 32] . Thus, a ray-tracing technique is developed to calculate the channel matrix of MIMO system in this article.
System description
The received signal for a time-invariant narrowband system combining with MIMO (MIMO-NB system) is described as follows [33] :
where X, Y, and W denote the N t × 1 transmitted signal vector, the N r × 1 received signal vector, and the N r × 1 zero mean additive white Gaussian noise vector at a symbol time, respectively, H is the N r × N t channel matrix and h ij is the complex channel gain from the jth transmitting antenna to the ith receiving antenna.
From linear algebra theory, every linear transformation can be represented as a composition of three operations: a rotation operation, a scaling operation, and another rotation operation [28] . As a result, the channel matrix H can be expressed by singular value decomposition as follows
where U and V* are the N r × N r and N t × N t unitary matrices, D is a N r × N t rectangular matrix whose diagonal elements are non-negative real values and other elements are zero and the symbol * in Equation (4) stands for the conjugate transpose or Hermitian operation. MIMO is capable of signal processing at the transmitter and receiver to produce the set of received signals with highest overall capacity. A matrix representation of MIMO-NB system is shown in Figure 2 . In this figure, a linear signal processing operation V is multiplied by the transmitted signal vector X to produce a new set of signals. The new set of signals is fed further into the MIMO channel. Finally, another linear signal processing operation U is multiplied by the incoming signal propagating through the channel. The final output signal vector Y is expressed as follows:
Note that there is no adding or subtracting of any signal power in the system, because V and Û are both unitary matrices.
If channel state information (CSI) is known for receiver, the channel capacity of the MIMO-NB system can be written in an equivalent matrix notation for N t ≥ N r as follows [34] [35] [36] :
where I is an appropriately sized identity matrix. SNR t is the ratio of total transmitting power to noise power. N t is the number of transmitting antennas. B is the bandwidth of the narrowband channel and the symbol * in Equation (6) stands for the conjugate transpose. The equation is especially effective to calculate MIMO capacity in a mathematical software package, since the channel capacity needs CSI for the receiver only. By the ray-tracing technique, all the frequency responses inside the bandwidth of WLAN between any transmitter and receiver antennas are calculated. Then, MIMO channel capacity of WLAN transmission can be calculated as summation of many channel capacities of narrowband at each discrete frequency point. Thus, the channel capacity (bandwidth efficiency) can be written as follows:
where BW is the total bandwidth of WLAN and N f are the numbers of frequency components.
Total channel power gain of MIMO can be defined as follows:
where ‖·‖ F denotes the matrix Frobenius norm, Tr{·} denotes the matrix trace, and λ k are the eigenvalues of the eigenmatrix R H . Eigenmatrix can provide information about the relative strengths of the independent transmission modes supported by the MIMO. It is well known that high spatial correlation between sub-channels can reduce the number of significant eigenvalues of eigenmatrix. In other words, just one significant eigenvalue exists with perfect correlation between sub-channels, and N m significant eigenvalues exist with perfect independence between sub-channels. As a result, the number of significant eigenvalues determines the spatial degrees of freedom and the corresponding channel capacity. Condition number is an important parameter to decide whether a channel is suitable for MIMO communication, and it can be defined as follows:
where λ → k is the eigenvalue vector. If total transmitting power is spread equally between all the transmitting antennas, then a system that has highest channel capacity is the one with all the singular values equal. In other words, the eigenvalues are identically equal to P H /N m , a uniform power allocation strategy optimizes the channel capacity of MIMO-NB system. Furthermore, a channel matrix is said to be well conditioned if its condition number is close to 1, and the elements of the vector λ → k , here are close to each other. As a result, a well-conditional channel matrix can facilitate communication.
Numerical results
Simulation scenarios and numerical results are presented in this section. A comparison of 4 × 4 MIMO WLAN wireless communication characteristics for six different geometrical shapes is investigated. The space between adjacent antennas is 0.0025 m for each antenna array, which satisfies space (d = λ/2) without interference between adjacent antennas. Note that the wavelength λ is 0.005 m in our simulation. Furthermore, the transmitting and receiving antennas in these six different corridors are both linear array, as shown in Figure 3 technique is developed to calculate the channel frequency response from 59.5 to 60.5 GHz with a frequency interval of 5 MHz. i.e., 201 frequency components are used. For example, the relative permittivity and conductivity of the other different materials can be referred in [37] [38] [39] [40] . The dielectric constant and conductivity of the concrete materials are shown in Table 1 . The maximum number of bounces setting beforehand for these corridors is 10, and the convergence is confirmed.
This article intends to compare the channel characteristics of six different corridors, which are composed of triangular facets is shown in Figures 4a-f . The straight corridors with rectangular and arched section are, respectively, shown in Figure 4a ,b. The curved shape corridors with rectangular and arched cross sections are, respectively, shown in Figure 4c ,d. The L-shape corridor with rectangular cross section is given in Figure 4e , whereas the T-shape corridor with rectangular cross section is given in Figure 4f . The top view of the straight shape corridors is plotted in Figure 5 . Note that the top views of Figure 4a ,b are the same. Figure 6 shows the top view of curved shape corridors. The top view of the L-shape corridor is shown in Figure 7 . Figure 8 A three-dimensional SBR/image technique has been presented in this article. This technique is used to calculate the WLAN channel impulse response for each location of the receiver. Based on the channel impulse response, the number of multipath components, the root mean square (RMS) delay spread τ RMS , and the mean excess delay τ MED are computed.
The RMS delay spread τ RMS is defined as follows [41] :
τ n a n j j
where G ¼ X N n¼1 a n j j 2 is the total multipath gain. The MED, τ, is defined as follows [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] :
By Equations (10) and (11), we can obtain the RMS delay spreads and MED.
In this article, the capacity versus SNR t for these six corridors is calculated. Here, channel capacity is the average information rate over the ensemble of channel realizations. There are 270 receiving points for each corridor. In truth, the capacity in Equation (7) can be calculated by equal transmitting powers in these six different corridors. SNR t is the ratio of total transmitting power to noise power for 270 receiving points. As a result, the channel realizations for various receiving locations are combined into one ensemble with 270 samples.
In other words, we have calculated the SNR t in all receiving positions. Capacity using that SNR t is computed in Figure 9 . The capacity versus SNR t plots for these six corridors are given in Figure 9 . Here, SNR t is defined as the ratio of the average transmitting power to the noise power. The results show that the capacity for arched straight corridors is larger than those shape corridors. It is due to the fact that the arched straight corridors can minimize the fading and reduce the multipath effects. Numerical results show that the rectangular straight and arched straight corridors are maximum capacity. The straight and arched straight corridors are to calculate the received power for these corridors. The results show that the received power for rectangular straight and arched straight corridors is larger than those shape corridors. It is due to the fact that the rectangular straight and arched straight corridors can maximize the received power and minimize the fading and reduce the multipath effects. In other words, rectangular straight and arched straight corridors are only LoS positions. It is due to the fact that the rectangular straight and arched straight corridors can maximize the received power, resulting in more than the capacity.
MIMO can dramatically increase channel capacity not only due to the beamforming gain and diversity gain, but also MIMO spatial multiplexing technique makes full use of multipath fading. Furthermore, a channel matrix is vitally interrelated to calculate the received power. As a result, the capacity can be increased substantially in straight shape corridors with rectangular and arched sections.
Let us consider the capacity performance for six corridors. The capacity versus SNR r plots for these six corridors are given in Figure 10 . Here, SNR r is defined as the ratio of the average power to the noise power at the front end of the receiver. The results show that the capacity for T-shape corridor and L-shape corridor is greater than the other corridors since the multipath effect caused by the back wall for light-of-sight (LOS) cases is severe and the number of receiving points of non-light-of-sight (NLOS) cases are greater than others. Table 2 shows τ RMS and τ MED for these six corridors. There are two parameters, including RMS delay spread, MED. The RMS delay spread is the square root of the second central moment of the power delay profile. It is also found that the mean RMS delay spreads for the arched cross section corridors are smaller than those for the rectangular cross section corridors regardless of the shapes. This situation can be explained by the fact that the multipath effect for the arched cross section corridors is less severe than those for the rectangular cross section corridors. Besides, we can see that the RMS delay spreads for the straight shape corridor with rectangular cross section are almost the same as those for the curved shape corridor with rectangular cross section. Similar results are found for the arched cross section corridors. This is due to the reason that most waves inside the curved corridors arrived simultaneously owing to the curved geometry and this results in small RMS delay spreads. Finally, we can find that the RMS delay spreads for the T-shape corridor and L-shape corridor are greater than the other corridors since the multipath effect caused by the back wall for LOS cases is severe and the number of receiving points of NLOS cases is greater than others. The MEDs are the rectangular straight, arched straight, rectangular curved, and arched curved corridors are smaller than those for the L-shape and T-shape corridors. This situation can be explained by the fact that the multipath effect for the rectangular straight, arched straight, rectangular curved, and arched curved corridors are less severe than those for the L-shape and T-shape corridors. The MED of rectangular straight is 0.83 ns and increases about 18% to 0.98 ns for arched straight corridor. It is also seen that the MED of rectangular curved is 1.69 ns and increases about 5% to 1.77 ns for arched curved corridor. The MED of rectangular straight is 0.83 ns and increases about 4.77 to 5.6 ns for T-shape corridor. Finally, we can find that the MEDs for the T-shape and L-shape corridors are greater than the other corridors since the multipath effect caused by the back wall for LOS cases is severe and the number of receiving points of NLOS cases are greater than others.
The τ RMS and τ MED for these six corridors with 10 and 50 reflections are, respectively, shown in Table 3 . The mean RMS delay spread for the T-shape with 10 reflections is 2.47 ns and increases about 1.6% to 2.51 ns for the T-shape with 50 reflections. It is also seen that the MED for the L-shape with 10 reflections is 4.48 ns and increases about 0.6% to 4.51 ns for the L-shape with 50 reflections. Therefore, the maximum number of bounces setting beforehand for these corridors is 10, and the convergence is confirmed.
Conclusions
Comparison is made of 4 × 4 MIMO-WLAN communication characteristics for corridors of different shapes and cross sections. The frequency dependence on materials utilized in the structure on the indoor channel is accounted for in the channel simulation. The MED and Table 3 The τ RMS and τ MED for these six corridors with 10 and 50 reflections RMS delay spread for six different channels are computed by the SBR/image method and inverse Fourier transform. Numerical results are given for the capacity varying with channel shapes and cross sections. Furthermore, we find that the capacity for the rectangular straight and arched straight corridors is greater than corridors of other shapes. The capacity for T-shape corridor is smallest among all shapes. The RMS delay spread for arched straight corridor is smaller than those corridors regardless of the shapes. It is found that the RMS delay spread for the T-shape corridor is the largest. Besides, the RMS delay spread for arched cross section corridors are less than those for rectangular cross section corridors regardless of the shapes.
